Summary: Iron participates in oxygen transport, energetic, metabolic, and immunologic processes. There are 2 main causes of iron overload: hereditary hemochromatosis which is a primary cause, is a metabolic disorder caused by mutations of genes that control iron metabolism and secondary hemochromatosis caused by multitransfusions, chronic hemolysis, and intake of iron rich food. The most common type of hereditary hemochromatosis is caused by HFE gene mutation. In this study, we analyzed iron metabolism in 100 healthy Polish children in relation to their HFE gene status. The wild-type HFE gene was predominant being observed in 60 children (60%). Twenty-five children (25%), presented with heterozygotic H63D mutation, and 15 children (15%), presented with other mutations (heterozygotic C282Y and S65C mutation, compound heterozygotes C282Y/S65C, C282Y/H63D, H63D homozygote). The mean concentration of iron, the level of ferritin, and transferrin saturation were statistically higher in the group of HFE variants compared with the wild-type group. H63D carriers presented with higher mean concentration of iron, ferritin levels, and transferrin saturation compared with the wild-type group. Male HFE carriers presented with higher iron concentration, transferrin saturation, and ferritin levels than females. This preliminary investigation demonstrates allelic impact on potential disease progression from childhood.
A dequate iron availability is essential to human development and overall health. Iron is indispensable for numerous biological functions such as oxygen transport, cellular respiration, and immune response. Conversely, a high iron concentration is harmful to both cells and tissues. 1, 2 Hereditary hemochromatosis is an autosomal recessive disorder characterized by enhanced intestinal absorption of dietary iron. The syndrome is a result of genetically determined failure to stop iron entering the circulatory pool when it is not needed. It is associated with pathogenic mutations of at least 5 hemochromatosis genes: HFE (OMIM gene number 613609, phenotype MIM number 235200), TfR2 (OMIM gene number 604720, phenotype MIM number 604250), HJV (OMIM gene number 60837, phenotype MIM number 602390), HAMP (OMIM gene number 606464, phenotype MIM number 613313), and SLC40A1 (OMIM gene number 604653, phenotype MIM number 606069). In addition, it is likely due to a regulatory defect in iron homeostasis. 3, 4 HFErelated hemochromatosis (OMIM gene number 613609, phenotype MIM number 235200) is the most frequent form of the disease and the most common autosomal recessive disorder in Northern European populations, with a prevalence of 1:200 to 1:250 for homozygosity and a carrier rate of 1:8 to 1:12. 5, 6 This autosomal recessive disorder is characterized by enhanced intestinal absorption of iron leading to multiple organ damage such as cirrhosis, hepatoma, diabetes mellitus, arthritis, and cardiomyopathy. The symptomatic phenotype preceded by fatigue, arthropathy and impotence, occurs in homozygotic males predominantly between the fourth and sixth decade of life, depending on gene penetrance and multiple concomitant factors. 7 Taking into consideration the widespread prevalence of HFE heterozygosity in populations of Northern European descent, H63D heterozygosity is more prevalent (23.6% to 31.1%) than C282Y heterozygosity (8.6% to 11.9%). 8 Interestingly, adult heterozygotic HFE genotypes are associated with the progression of some diseases and may present increased serum iron and transferrin saturation. [9] [10] [11] However, the intensity of iron storage in HFE carriers in the developmental age is still unknown.
The objective of this study was to consider iron metabolism in relation to HFE status in 100 Polish children, living in Poland. Despite the numerous adult studies that have been conducted, this population has not been studied before. 12 
MATERIALS AND METHODS
One hundred unrelated, that is, nonkindred, children of Polish origin aged from 4 to 18 years (58 boys and 42 girls, average age 11.4 ± 4.19 y), were recruited for the study. There were no chronic disorders, that is, hemochromatosis or hemoglobinopathies in parental families. Parents denied following a vegetarian diet, iron pills administration, and meat consumption was adequate for the patients age. To exclude acute and chronic illnesses, all patients underwent physical examination, laboratory assays which included a full blood count with reticulocytosis and microscopic evaluation, protein C concentration, aspartate and alanine transaminases activity, bilirubin, creatinine levels, hepatitis B virus surface antigen and antibody against hepatitis C virus antibodies. Full blood count with reticulocytosis was performed using SYSMEX XE 2100, whereas, aspartate transaminase, alanine transaminase, bilirubin, creatinine levels, hepatitis B virus surface antigen, antibody against hepatitis C virus antibodies, ferritin, transferrin, and protein C concentration were performed using ARCHITECT CI 8200 (ABBOTT). All reagents used were supplied by the manufacturer.
Iron metabolism was also assessed by measuring iron concentration, ferritin, and transferrin saturation (SYSMEX XE 2100, Architect ci 8200, and Test 1 SDL). Abdominal ultrasonography was also performed and no abnormalities were revealed. Patients underwent genetic testing for HFE mutations using real-time polymerase chain reaction and melting curve analysis methods with the HFE H63D S65C C282Y (TibMolbiol) LightMix in-vitro diagnostics kit and 
Statistical Analyses
Statistical analyses were performed using Statistica 10.0 for Windows (StatSoft 2011). Data are presented as mean ± SE and were assessed using Mann-Whitney or nonparametric Kruskal-Wallis unpaired test where appropriate. For the analyses variables were assessed for normality with natural log transformations performed on the serum Fe, ferritin, and Ts variables. Significance for the Mann-Whitney and post hoc tests was set at 0.05.
RESULTS
Molecular testing of 100 autochthonous, healthy Polish children, aged 11.4 ± 0.42 years (58 boys and 42 girls) revealed a predominance of the wild-type HFE gene as 60 children (60%), presented with wild-type HFE. 25 children (25%), presented with heterozygotic H63D mutation, 6 children, presented with heterozygotic C282Y mutation and 6 children, presented with heterozygotic S65S mutation. Two boys were compound heterozygotes (C282Y/S65C, C282Y/H63D), whereas only 1 girl was a H63D homozygote (data presented in Table 1 ). In the entire group of tested children, laboratory assays performed excluded chronic diseases, abdominal ultrasound imaging visualized normal internal organs, and the mean concentration of iron, ferritin, and transferrin saturation were within normal range (mean values: iron 98.3 ± 3.23 mg/dL, ferritin 33.2 ± 1.98 ng/mL, transferrin saturation Ts, 27.5% ± 1.00%). The wild-type HFE gene group presented with a mean iron concentration of 83.4 ± 2.75 mg/dL, ferritin 28.5 ± 1.73 ng/mL, and transferrin saturation of 22.2% ± 0.68%. The groups which had other types of mutations (carriers of C282Y, H63D, S65C, compound heterozygotes, and H63 homozygote) had statistically higher mean iron concentration (120.8 ± 5.24 mg/dL), mean ferritin levels (40.3 ± 4.00 ng/mL), and mean transferrin saturation (35.5% ± 1.58%) than the wildtype group, data presented in Table 1 . The group carrying the H63D mutation presented with a mean iron concentration of 128.8 ± 6.88 mg/dL, ferritin levels of 44.8 ± 5.87 ng/mL, and transferrin saturation of 38.1% ± 1.97%. Transferrin saturation was statistically higher in H63D carriers when compared with those of the wild-type group. All the values were statistically higher in the H63D mutation carriers when compared with those of the wild-type group. Moreover, mean transferrin saturation was statistically nonsignificant higher in the C282Y mutation carriers (Ts, 32.8% ± 3.20%) compared with that of the wild-type group (Ts, 22.2% ± 0.85%). Mean transferrin saturation of H63D mutation carriers (Ts, 38.1% ± 1.97%) was higher than that of the S65C mutation carriers (Ts, 26.3% ± 2.16%), whereas mean transferrin saturation of S65C mutation carriers (Ts, 26.3% ± 2.16%) was higher than that of the wild-type (Ts, 22.2% ± 1.16%). The mean transferrin saturation of the H63D and C282Y mutation carriers was higher than the normal range in children. The entire group of children (100 subjects) was also divided into four sex groups: wild-type males (39 subjects), wild-type females (21 subjects), male carriers of HFE mutation (19 subjects), and female carriers of HFE mutation (21 subjects) to evaluate presumptive iron metabolism variations (data presented in Table 1 ). There were no statistical differences in age, weight, height, and body mass index between sex groups. There were 11 girls who reported regular menstruation in the wild-type female group and 12 in the HFE group. Mean iron concentration, ferritin concentration, and transferrin saturation were statistically higher in the group of male carriers of HFE mutation (iron, 134.8 ± 7.96 mg/dL; ferritin, 49.2 ± 6.96 ng/mL; Ts, 40.7% ± 2.26%) than in the group of female carriers (iron, 108.2 ± 5.81 mg/dL; ferritin, 32.3 ± 3.65 ng/mL; Ts, 30.9% ± 1.69%), wild-type male group (iron, 83.4 ± 3.61 mg/dL; ferritin, 30.8 ± 2.37 ng/mL; Ts, 22.0% ± 0.85%), and wild-type female group (iron, 83.2 ± 4.24 mg/dL; ferritin, 24.2 ± 1.96 ng/mL; Ts, 22.5% ± 1.16%). Mean iron concentration and transferrin saturation of females carrying the HFE mutation were statistically higher than in wild-type male and wildtype female groups. The level of ferritin was statistically higher in male carriers of HFE mutation (49.2 ± 6.95 ng/mL) than in female carriers (32.2 ± 3.65 ng/mL), wild-type male group (30.8 ± 2.37 ng/mL), and wild-type female group (24.2 ± 1.96 ng/mL). The entire group of children (100 subjects) was also divided into sex subgroups according to different HFE status. There were 11 groups: wild-type males (39 subjects), wild-type females (21 subjects), male carriers of H63D mutation (12 subjects), female carriers of H63D mutation (13 subjects), male carriers of C282Y mutation (2 subjects), female carriers of C282Y mutation (4 subjects), male carriers of S65C mutation (3 subjects), female carriers of S65C mutation (3 subjects), a single male in the compound heterozygote H63D/C282Y group and S65C/282Y group, and a single female in the H63D homozygote group. Males carrying H63D mutation had statistically higher iron concentration (144.8 ± 10.7 mg/dL) than both wild-type males (83.4 ± 3.62 mg/dL) and females (83.2 ± 4.24 mg/dL). H63D carrier males (55.4 ± 10.3 ng/mL) had statistically nonsignificant higher ferritin concentration than wild-type females (24.2 ± 1.96 ng/mL). Transferrin saturation was statistically higher in both sex groups of H63D carriers (males 44.3% ± 2.60%; females, 32.5% ± 1.92%) than in wild-type probands (males, 22.0% ± 0.85%; females, 22.5% ± 1.16%), all data are presented in Table 1 .
DISCUSSION
In the presented study we attempt to analyze iron metabolism in 100 unrelated, healthy children of Polish origin in relation to their HFE status. The frequency of H63D carriage in our study population was found to be 25%, whereas heterozygosity of C282Y and S65C gene was each 6%. A single patient was found to be a H63D homozygote, whereas 2 boys presented with compound heterozygosity. The prevalence of HFE-hemochromatosis alleles was compatible with other European population reports. 5, 6, 8 Despite the fact that iron status is commonly evaluated in pediatric primary medical care, only deficiency usually elicits diagnostic procedures. Pathologic iron loading in primary hemochromatosis is a prolonged and unpredictable process and without proper treatment may result in multiorgan dysfunction. [1] [2] [3] [4] Thus early diagnosis, monitoring, and treatment are essential.
The statistical analysis revealed that mean concentration of iron, ferritin levels, and transferrin saturation were statistically higher in the group of various HFE-associated mutations compared with the wild-type group. A statistical difference in iron concentration, level of ferritin, and transferrin saturation was also noted between H63D carrier groups and wild-type groups. Furthermore, mean transferrin saturation of C282Y and S65C carrier groups was higher than in the wild-type group. It is important to note that in all the groups' mean iron concentration and ferritin levels were within the normal range, whereas transferrin saturation in the various HFE mutation groups, (H63D and C282Y carriers) was elevated. Our data confirms the high sensitivity and diagnostic value of transferrin in detecting iron storage diseases even in childhood. 7 Remarkably, the study showed statistically higher iron concentration and transferrin saturation in boys and girls who are carriers of HFE mutation than in wild-type subjects. In addition, boys carrying the HFE mutation presented with higher iron concentration, transferrin saturation, and ferritin level than girls carrying the same mutation. Notably, the presented data emphasizes the varying influence of HFE mutation with regard to sex even in the developmental age.
The impact of the HFE gene mutation on biochemical features of homozygotic and heterozygotic adults seems to be understandable, 2,9-11,13 while its impact in childhood still needs to be accurately observed. In contrast, the clinical course of hemochromatosis is unpredictable since reduced gene penetration, possible concomitant environmental and epigenetic factors also play a role in disease development. 14, 15 All the more, knowing the HFE status of a child seems to be important as it will allow for close observation of affected children. Notable, there are reports which demonstrate that higher blood ferritin but still within the reference range, is associated with increased risk of some morbidities in adults. Zacharski et al 16 revealed that 75% of newly diagnosed cancer cases have been diagnosed among patients who presented with mean ferritin levels of >57 ng/mL during follow-up. Similarly, Mainous et al 17 reported that higher transferrin saturation correlated with an increased risk of overall all-cause mortality. In addition, a study performed on a young male demonstrated that blood ferritin higher than 150 ng/mL correlates negatively with cardiovascular fitness. 18 Altogether, these data indicate that monitoring body iron stores can be recommended as part of a prevention strategy against diseases especially in the HFE mutation group. Reports considering HFE hemochromatosis in children are uncommon. Researchers are particularly concerned about the validity of screening children or genotyping siblings and spouses. To date, multiple screening programmes: neonatal, descendant, and population have been suggested, 11, [19] [20] [21] [22] [23] but rare phenotypical manifestation, patient stigmatization and economical aspects have derailed progress. On the basis of the data that iron storage is a slow and prolonged process 2 and children carrying HFE mutation do not present increased ferritin levels, 24 Delatycki et al 25 stated that C282Y homozygotes present with iron overload very rarely during the first 2 decades, and the only abnormality they present with is biochemical. However, the risk of iron accumulation cannot be excluded in instances of coexisting circumstances in childhood. Researchers 6, 26, 27 described an association between HFE mutation variants, iron storage and concomitant disease progression. There are also preliminary reports considering the impact of HFE variants and susceptibility to acute lymphoblastic leukemia in childhood. 6, 28, 29 Taking into consideration presented data and cited authors the impact of HFE mutation in childhood still needs further investigation.
CONCLUSIONS
In our study, we demonstrated variations in iron metabolism in relation to various HFE-associated mutations in children of Polish origin. The individual course of hemochromatosis seems to be unique which makes diagnostic procedures, monitoring and proper treatment unquestionable. This preliminary investigation demonstrates allelic impact on potential disease progression from childhood.
